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ABSTRACT
We present the study of the colour–magnitude diagram of the cluster Abell 2151
(A 2151), with a particular focus on the low-mass end. The deep spectroscopy with
AF2/WYFFOS@WHT and the caustic method enable us to obtain 360 members
within 1.3 R200 and absolute magnitude Mr . M
∗
r
+ 6. This nearby cluster shows
a well defined red sequence up to Mr ∼ −18.5; at fainter magnitudes only 36% of the
galaxies lie on the extrapolation of the red sequence. We compare the red sequences of
A 2151 and Abell 85, which is another nearby cluster with similar spectroscopic data,
but with different mass and dynamical state. Both clusters show similar red sequences
at the bright end (Mr ≤ −19.5), whereas large differences appear at the faint end. This
result suggests that the reddening of bright galaxies is independent of environment,
unlike the dwarf population (Mr ≥ −18.0).
Key words: galaxies: cluster: individual A 2151 - galaxies: cluster: general - galaxies:
evolution
1 INTRODUCTION
The local Universe shows a clear bimodality in the
galaxy populations: galaxies in the colour–colour or colour–
magnitude diagrams are located in two different re-
gions: a well–defined red sequence and a blue cloud (e.g.
Baldry et al. 2004). Using visual and spectra classifica-
tions, Strateva et al. (2001) showed that the morphology
of the two groups is different, the red sequence is domi-
nated by early-type galaxies and the blue cloud by late-
type galaxies. Bell et al. (2004) found that this bimodal-
ity is observed at least out to z ∼ 1. In addition,
Hogg et al. (2004) observed a segregation in colour de-
pending on the environment out to similar redshifts. Red
and blue galaxies are preferentially located in high- and
low-density regions, respectively (e.g., Balogh et al. 2004;
Sa´nchez-Janssen, Aguerri, & Mun˜oz-Tun˜o´n 2008).
We might expect that the formation of the red sequence
depends on the mass of the galaxies and/or their environ-
ment. The bright end (Mr ≤ −20.0) of the red sequence
seems to be independent of environment (e.g., Hogg et al.
2004; De Propris, Phillipps, & Bremer 2013), indicating
that the reddening of bright galaxies is mainly related to
internal processes. The tight red sequence observed for
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bright galaxies favours scenarios where cluster ellipticals
constitute a passive and evolving population formed at
high redshift (z & 2 – 3 Ellis et al. 1997; Gladders et al.
1998; Stanford, Eisenhardt, & Dickinson 1998) or that
massive ellipticals originate from the mergers of massive
and metal-rich disc systems (Kauffmann & Charlot 1998;
De Lucia, Kauffmann, & White 2004a; De Lucia et al.
2004b).
However, at faint magnitudes, the build-up of the red
sequence is less clear. Several samples of clusters have
observed no evolution of the luminous-to-faint (L/F) ra-
tio with redshift up to z ∼ 1.5 (Lidman et al. 2004;
Andreon et al. 2008; Crawford, Bershady, & Hoessel 2009;
De Propris, Phillipps, & Bremer 2013; Andreon et al. 2014;
Cerulo et al. 2016), while a large variation was reported
by other studies (De Lucia, Kauffmann, & White 2004a;
De Lucia et al. 2007; Tanaka et al. 2005; Bildfell et al.
2012).
The redshift variation of the red sequence suggests
an evolution of the galaxies from the blue cloud to the
red population, originating the so-called Butcher–Oemler
effect (Butcher & Oemler 1984). Several mechanisms have
ben proposed in order to explain this evolution, in particu-
lar, either a combination of dry mergers and quenching of
star formation (Bell et al. 2004; Faber et al. 2007) or only a
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late quenching of star formation (Cimatti, Daddi, & Renzini
2006; Scarlata et al. 2007).
Previous studies on the red sequence evolution focused
on galaxies brighter thanMr ∼ −19.0. Deeper spectroscopic
surveys are needed to study the physical processes involved
in the formation and evolution of the red sequence at fainter
magnitudes (Mr > −18.0). However, the study of clusters at
z ∼ 1 is challenging with present spectroscopic facilities. A
possibility would be the analysis and comparison of nearby
clusters in different dynamical states.
One of the largest and most massive structures in the
Local Universe is the Hercules Supercluster, composed by
Abell 2151 (the Hercules cluster and hereafter A 2151),
Abell 2147 and Abell 2152 (Chincarini, Thompson, & Rood
1981; Barmby & Huchra 1998). A 2151 is a nearby (z =
0.0367), irregular and spiral-rich cluster (∼ 50 per cent
Giovanelli & Haynes 1985) with strong evidence of being in
a merging phase and having a large fraction of blue galax-
ies (e.g. Bird, Davis, & Beers 1995; Huang & Sarazin 1996;
Dickey 1997; Cedre´s et al. 2009, and references therein).
Therefore, A 2151 appears to be a young cluster, very simi-
lar to clusters at higher redshift, but in the nearby Universe,
allowing deep spectroscopic observations of its central region
down to ∼M∗r +6. We emphasize that this faint magnitude
limit probes the dwarf galaxy population because it corre-
sponds to a mass M∗ ∼ 3.7 × 10
8M⊙ for a red sequence
member. Therefore, the young dynamical state, the variety
of local densities, and the large fraction of blue galaxies make
A2151 an ideal environment to study the build-up of the red
sequence at faint magnitudes.
We will briefly discuss the data set in Section 2, we
present the results in Section 3, and the discussion and con-
clusion in Section 4. Throughout this work, we use the cos-
mological parameters H0 = 75 km s
−1Mpc−1, Ωm = 0.3 and
ΩΛ = 0.7.
2 THE OBSERVATIONAL DATA OF A2151
2.1 Deep AF2/WYFFOS spectroscopy
Our parent photometric catalogue contains all galaxies
brighter than mr = 20.5 mag
1 from the SDSS-DR9
(Ahn et al. 2012), and within 45 arcmin from the cluster
mass centre2 (Sa´nchez-Janssen et al. 2005). We present the
target selection in the colour–magnitude diagram (see Fig.
1). We select those galaxies bluer than mg −mr ≤ 1.0, with
apparent magnitude brighter than 20, and with no spec-
troscopic measurements available in literature. This colour
cut should match the colour distribution of galaxies in the
nearby Universe and minimize the background source con-
tamination (see Hogg et al. 2004; Rines & Geller 2008).
We observed these objects during three nights plus 8 h
of service time at the William Herschel Telescope (WHT )
with the fibre spectrograph AutoFib2/WYFFOS using the
R158B grism (R = 280). The observations were designed
to maximize the number of targets within 20 arcmin –
where the instrument response is optimal, eight pointings
1 The apparent magnitudes used here are the model SDSS-DR9
r-band magnitudes corrected for extinction.
2 α (J2000): 16h 05m 26s, δ (J2000): 17◦ 44′ 55”.
Figure 1. Lower panel: colour–magnitude diagram of the galax-
ies in the direction of A 2151. Dark grey dots are the galaxies
excluded from target with the colour-cut. Light grey dots are the
target galaxies and black points are the velocities obtained. Red
and blue symbols show red and blue cluster members, respec-
tively. The solid line represents the red sequence of the cluster.
Upper panel: spectroscopic completeness (C, green diamonds),
red (Cred, red dots) and blue (Cblue, blue squares) spectroscopic
completeness, and cluster member fraction (fm, black triangles)
as a function of r-band magnitude.
with ∼ 90 galaxies each. We reached a signal to noise
higher than 5 for the faintest galaxies with three exposures
of 1800 s per pointing. We obtained 738 spectra and re-
duced them with the version 2.25 of the instrument pipeline
(Domı´nquez Palmero et al. 2014).
2.2 Velocity and member catalogues
We used the rvsao.xcsao IRAF task (Kurtz et al. 1992) to
determine the recessional velocities of the observed galaxies.
This task cross-correlates a template spectrum library (in
this work, Kennicutt 1992) with the observed galaxy spec-
trum. For a full description of the task and the technique
we refer the reader to Kurtz et al. (1992). We could deter-
mine 453 recessional velocities, the remaining spectra were
too noisy to rely on the results of the cross-correlation. In
fact, these data enabled us to determine that a mean sur-
face brightness of 23 mag arcsec−2 is the instrument limit
for our observations. In general, the formal errors on the
velocities provided by this task are smaller than the real-
istic uncertainties: we estimated reliable errors by compar-
ing the results for the same objects observed in different
pointings. The root mean square of the differences in mea-
sured velocities for the 57 objects with repeated observation
is 175 kms−1. We also had between 2 and 4 galaxies per
pointing with spectroscopic information in SDSS-DR9. The
differences between our measured velocities and SDSS-DR9
ones are always smaller than 100 km s−1.
The redshifts from the literature (SDSS-DR9 and NED
catalogues), together with our new data, result in a total
number of 799 galaxy velocities within a radius of 0.94 Mpc
from the cluster centre; 362 of them are new velocities with
−18.3 ≤ Mr ≤ −16.0. Fig. 1 presents the completeness of
the spectroscopic data set defined as C = Nz/Nphot, with
MNRAS 000, 1–6 (2016)
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Figure 2. Line-of-sight velocity – projected clustercentric dis-
tance plane for the A2151 members (red dots) and the interlopers
(black diamonds). The dot dimensions scale with the magnitude:
bright (faint) – big (small) dots. Blue circles identify blue mem-
bers.
Nz being the number of measured redshifts and Nphot the
number of photometric targets. C is higher than 80% for
Mr . −18.5, and ∼ 30% at Mr ∼ −17.
The cluster membership was determined with the
caustic method (Diaferio & Geller 1997; Diaferio 1999;
Serra et al. 2011). This technique estimates the escape ve-
locity and the mass profile of clusters in both the virial and
infall regions, without any assumption of dynamical equilib-
rium. A by-product of this technique is the member identifi-
cation. The members were identified by the binary tree, that
gives an interloper contamination of only 3% within R200
(Serra & Diaferio 2013). We obtained vc = 10885 km/s,
σc = 704 km/s and 360 members. Fig. 2 shows the line-
of-sight velocity – projected clustercentric distance plane
of A 2151, where the technique evaluates the caustic am-
plitudes and the radial mass profile. From this profile, we
estimated M200 = 4.00 × 10
14M⊙ and R200 = 1.45 Mpc.
The member fraction is presented in Fig. 1 and is defined
as fm = Nm/Nz, being Nm the number of members. This
fraction strongly depends on the luminosity.
3 RESULTS
3.1 The colour–magnitude diagram
We performed a linear fit of the red sequence of A 2151 us-
ing all the members brighter than mr = 17 and with (mg −
mr) > 0.6. The best fit is (mg−mr)RS = −0.022mr +1.132
and σRS = 0.053. The galaxies with (mg − mr) smaller or
greater than (mg − mr)RS − 3σRS are blue and red galax-
ies, respectively. Fig. 1 shows the two populations and the
fitted red sequence. A tight red sequence is visible up to
Mr ∼ −18.5; the scatter increases at fainter magnitudes. In
particular, only 36 % of the galaxies fainter than Mr = −18
are classified as red.
The absence of red dwarfs3 is not an observational bias.
3 Galaxies are defined as dwarf or faint (F) if Mr ≥ −18, and as
bright or luminous (L) if Mr ≤ −20.
In fact, we measured the recessional velocities of red galax-
ies, as a visual inspection of Fig. 1 shows, but these galax-
ies result to be background objects. To better quantify the
absence of any bias, we defined the red and blue complete-
nesses, Ci = Nz,i/Nphot,i where i ={red,blue} and the num-
bers of the two populations in the target sample are based
on the definitions mentioned above. Using the red sequence
of the cluster to separate the two populations is appropriate
because we thus estimate the possible loss of red members
of the cluster. As Fig. 1 shows, the two fractions have sim-
ilar trends to the global completeness, C, at the low-mass
end. Therefore, the deficiency of red dwarfs in A2151 is real.
Moreover, among the red dwarfs within 5 σc from vc, the
caustic method only removes four galaxies from the member
list which do not affect the results.
3.2 Red and blue populations in Abell 2151
To understand the deficiency of red dwarfs in A2151, we
studied the dependence of the two populations, red and
blue, on different variables. In particular, we used the clus-
tercentric distance, the distance of each member to the near-
est X-ray peak, the local density and the distance of each
dwarf to the nearest bright galaxy. We consider the clus-
ter centre provided by the caustic technique. This centre
is only 80 kpc away from the mass centre estimated by
Sa´nchez-Janssen et al. (2005). We considered the four X-
ray peaks analysed by Bird, Davis, & Beers (1995) of the
X-ray gas distribution measured by ROSAT. We evaluated
the local density of the galaxy distribution with the 2D-
DEDICA algorithm by Pisani (1993). The global cluster en-
vironment is related to the clustercentric distance and the
distance to the nearest X-ray peaks, whereas the local envi-
ronment is connected to the local density and the distance
between dwarf and bright galaxies.
Fig. 3 shows the cumulative distribution functions of the
total, red and blue dwarf galaxies for the physical param-
eters mentioned above. A visual inspection suggests differ-
ences between the red and blue populations for all variables.
In general, compared to blue galaxies, red dwarf galaxies are
located closer to the cluster centre, to the X-ray peaks and to
bright galaxies, and their local densities are larger. However,
not all these differences are significant. The Kolmogorov–
Smirnov test at > 99 per cent C.L. shows that the red and
blue populations are statistically different only as far as the
clustercentric and the X-ray peak distances are concerned.
On the contrary, we can not exclude the same parent dis-
tribution when we consider the remaining two physical pa-
rameters. These results indicate that the distribution of the
red and blue dwarfs are more sensitive to the global, rather
than local, cluster properties.
3.3 Comparison with Abell 85
Fig. 4 presents the comparison between the red sequences
of A 2151 and Abell 85 (A85, hereafter), which is another
nearby and massive cluster, with similar spectroscopic in-
formation (Agulli et al. 2014, 2016). For A85, we have 460
spectroscopically confirmed members. In order to compare
the samples, we calculated the absolute magnitude apply-
ing the K–correction given by Chilingarian & Zolotukhin
MNRAS 000, 1–6 (2016)
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Figure 3. The cumulative distribution functions for the dwarf members (Mr ≥ −18) of A 2151. Grey solid lines are for the whole
sample, red dashed lines for the red sample and blue dotted lines for the blue sample. The first panel from the left is for the clustercentric
distance, the second for the distance of each galaxy to the nearest X-ray peak, the third for the local density and the fourth for the
distance of each dwarf to the nearest bright galaxy (Mr ≤ −20).
Figure 4. Upper panel: red (red circles) and blue (blue triangles)
fractions for A2151 (solid symbols) and for A85 (open symbols).
Lower panel: the colour–magnitude diagram of the two clusters
with the same colour and symbol code as the upper panel. The
straight lines represent the red sequence of A 2151 (solid orange)
and A 85 (dashed green).
(2012). Both red sequences have been fitted with the mem-
bers in the same magnitude and colour ranges. The zero–
point and the slope of the two best models are compatible
within the errors. However, the faint end and the relative
fraction of red and blue dwarfs are clearly different. Indeed,
in A2151 the blue populations dominates at Mr ≥ −18,
while in A85 the fraction of red galaxies is larger in the full
magnitude range.
4 DISCUSSION AND CONCLUSION
Several investigations find that the red-sequence slope is in-
dependent of the environment (e.g. De Lucia et al. 2004b,
2007; Tanaka et al. 2005). This result is confirmed by
A2151 and A 85 whose slopes are comparable, even if
these two clusters have different dynamical state and lo-
cal environment. Indeed, A 2151 shows ongoing major merg-
ing events, has substructures and a complex X-ray map
(e.g., Bird, Davis, & Beers 1995; Huang & Sarazin 1996;
Cedre´s et al. 2009), while A 85 appears to be almost viri-
alized, with small substructures and a smoother X-ray map
(e.g., Ramella et al. 2007; Boue´ et al. 2008). Although a di-
rect comparison with other slopes presented in the litera-
ture is difficult due to the different filters and the possible
biases, our result is in general agreement with many stud-
ies (e.g., De Lucia et al. 2004b, 2007; Tanaka et al. 2005;
Cerulo et al. 2016).
A consequence of this red-sequence invariance is that
the reddening of the bright galaxies is more likely due to
internal causes at least earlier than redshift ∼ 1, which is
the redshift coverage of previous studies. The bright end
also is independent of the definition of environment: in fact,
the result for the bright galaxies we obtain here, where we
compare two clusters in different dynamical states, is similar
to the results of De Lucia et al. (2007) who separate massive
and small clusters based on the velocity dispersion, and the
results of Tanaka et al. (2005) who used the local density to
define field, groups and clusters.
The build-up of the faint part of the red sequence, in-
stead, is less clear: for example, De Lucia et al. (2007) find
a redshift evolution of the L/F ratio (the ratio between
the numbers of bright to faint galaxies) that is not con-
firmed by Andreon et al. (2008) and Cerulo et al. (2016).
However, the magnitude limit of these spectroscopic studies
is quite bright: generally is Mr ≤ −19, that is one magni-
tude brighter than the usually assumed largest luminosity of
dwarf galaxies (Mr = −18). The data set analysed here goes
two magnitude fainter than the dwarf limit. The same limit
applies to the sample of A 85 used for the comparison. Our
deeper limit makes the direct comparison with the literature
results more difficult. By defining dwarf or faint the galax-
ies fainter than Mr = −18, we observe a large difference
between the two clusters: the dwarf population of A 85 is
dominated by red galaxies, whereas the A 2151 dwarf popu-
MNRAS 000, 1–6 (2016)
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lation is dominated by blue galaxies; this results is confirmed
by the ratio L/F= 0.46 of the red population for A85 and
L/F= 2.6 for A 2151. Because the main differences between
these two clusters are their mass and dynamical state, our
result suggests that the build-up of the faint end is related
to these properties.
We find that the differences between the cumulative
distribution functions of two global cluster parameters, the
clustercentric and nearest X-ray peak distances of the in-
dividual galaxies, of the red and blue dwarf populations of
A 2151 are statistically significant. Our result suggests that
either dwarf galaxies have not lived long enough in the clus-
ter hostile environment or the environmental processes are
not strong enough to remove the gas from the dwarfs and
to transform them from active star forming faint galaxies to
passive red dwarfs. This transformation has already started
for those galaxies embedded within the peaks of the X-
ray emission. Our findings agree with Raichoor & Andreon
(2014) who find that the faction of blue galaxies within a
cluster only depends on the stellar mass of the galaxies and
their clustercentric distances.
The luminosity function is a powerful observable to
analyse the characteristics of different galaxy populations
and the effect of the environment on them. A detailed anal-
ysis of the luminosity function of A 2151 will be presented
in a forthcoming paper (Agulli et al., in preparation).
In conclusion, we find that the slope and the zero–point
of the red sequence appears to be well defined, unlike its
trend at faint magnitudes, in agreement with the analysis of
De Lucia et al. (2007). Our comparison between A2151 and
A85 presented here suggest a strong correlation between this
behaviour and the dynamical and accretion histories of the
clusters.
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